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K = [P1, P2, P3, P4]
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¬ºl/y
ÐÞzT/y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lµLÁ,©Â¬zTu-v{lkjmlk|y  wB|¨lky/y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¬kr{zT|&ly  zT|.y/i  ¬k~lk|  wB|sy  l.vxw
 r{k¬ky/r{wBy/r{zT|Rº=lkr(l/y   ÒwBu±ylk/jml  l¼sr{zrty¬|su-jm¬k/r{³ul*rt|sy/z  u-rty  wB|9v{l9¬³suwA²
y/r{zT|³su-r  lk¼sr{lk|sy}~-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lk|sul~lku-y
ÐÞzT/ylkjmlk|y9¼wB/r{lk¯º	°*jmzTrt|
 ©`w¯¼zTrt3u-|l  r{k¬ky//r{wBy/r{zT|­r  lk|y/r{³sulµ\Á w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¬?ÐÞ¬k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h = 30 cm øªâDì Tâô¯ò/*ïAé¨äåâ}ò¸âDã`ä`ä`éêAïêAþDáâDã`ôBéHy ,þDãÂòªé3éÑô Dä`þ2,Tâôòªéz1éÑøÍò 85m × 85m × 70m í{é)*ïBãá
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D  Ô9ly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lºBvxw  lk|/rty¬  l1jwBrtvtvxwBl,zT-ylk|u,w¯¼l3vª©`w  wB~-ywBy/r{zT|  l¨jwBrtvtvxwBl¨ly¹³suwT/rtjmlk|sy
jwA\rtjwBv{l  wB|lky/ylo¬kr{zT|Rµ
}zTuzT|r  ¬kzT|.³suR© u-|lozTvtu-y/r{zT|
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lky ‖uref − u‖H1(Ω\D)
‖uref‖H1(Ω\D)
≤ 0.1 ,
z$# v{l­zT|/ywB|sylcÃÍ³su-rowB~-~wBwBr{lk|y  wB|­l·lkvxwBy/r{zT|DÄ·zT|sy  ¬?¿|-r{lf°«~wB/y/rt  l
¬u-vtywBy,zT-ylk|uV/u-¹v{l  lku\jwBrtvtvxwBl,u-|-rÀÐÍzT/jml,³su-rzT|sy  zT|-|¬  wB|(v{l
gwB-v{l¯wBuÏµ
±wBrtvtvxwBl qLzTjHjmlky ,v{¬kjmlk|y
‖.‖L2(Ω) ‖.‖H1(Ω) ‖.‖L2(Ω?) ‖.‖H1(Ω?)
2href 332 763 662 848 0.0083 0.345 0.0024 0.119
4/3href 749 696 1 495 310 0.0088 0.356 0.0010 0.062
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h¬kjwHkvxwT/r{³ul  ©`w  wB~-ywBy/r{zT|  l9jwBrtvtvxwBlwBu­~-zT-v{ikjml
jmz  ikv{llk|  rtjmlk|/r{zT|  lku\"º ~-llk|y¬  wB|vxwfqLlky/r{zT| \µ`\µ ÁRl&-u-yly  ©`wBy/ylkrt|  l vxw
zTvtu-y/r{zT| wBumylkjH~½~-h\/r{³ul
tmax = 0.2
lzT|  lµ }zTu¨wBvtv{zT|Vl =lky/ulk,~-vtu/r{lku-¨¬k/r{l
 l¯wBv{ku-v{.lk|­jmz  rÀ¿	wB|sy.v{l9|zTj-l  © rty¬kwBy/r{zT|  ©`w  wB~-ywBy/r{zT|fl =lky/u¬l
~"zTu-.wB|wBvtLlk




Ô9wB|hwT³sul¯wBv{ku-vªºRvxw  lk|/rty¬ml/yohzTr{/r{lzTjHjmlH¼wB/rxwB-v{lm~"zTu-ovxw  ¬?¿|-rty/r{zT|  l
vxwjm¬ky//r{³sulº©Âl/yÑ²ë°A²  rtl³suR©ÂzT|  ¬/rtl¬³su-rÀ²ª¬k~wB/y/rt
vª©Âlk/lku-  © rt|ylk/~"zTvxwBy/r{zT|  u­hwBjH~
 l  lk|/rty¬µ\ÁRl3~wBwBjmiky/l  ©`w  wB~-ywBy/r{zT|  l.jwBrtvtvxwBlzT|r  ¬k¬zT|y3v{l¨j  kjml
~"zTu-
hwT³ul¯wBv{ku-vwA¿|  ©`w¼zTrt}vxwj  kjmlozTjH~-v{l?\rty¬0/
ε = 0.001, hmin = 0.15 m, hmax = 20 m
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t cpu
l =lky/u¬l&/u-u-|l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¬?ÐÞ¬klk|lµ
}zTu1wBzT  zT|v{l,~-zT-v{ikjml  l  lku\Ðªw zT|  rE =¬klk|yl¾µAÔwB|Rvxw~-lkjHr{ikl¨wB~-~-zLhlº
|zTuhzTr{r{zT|  lHÐªwBrtl~"lku  ©`w  wB~-ywBy/r{zT|  lmjwBrtvtvxwBlº1~wBzT|y/l |zTuw  wB~-yzT|
ÐÍ¬³sulkjHjmlk|y.v{l9jwBrtvtvxwBl  wB|
vxwHlzT|  lµ
 !8! B×=Ú   ¶}|Hl "lky/ul
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lzT|  lµ"Á wywBrtvtv{l  ufjwBrtvtvxwBl¿|wBvÃÞw  wB~-y¬¾Ä}zT-ylk|u»l/y
~-vtu,~lky/rtyl³sullkvtv{l  uHjwBrtvtvxwBl  l
¬?ÐÞ¬klk|l  l  lku\mzT  l  l3wB|  lku-¯µ %¸vlk|ly  l
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   5Å5 
nadap np ne t cpu ‖.‖L2(Ω) ‖.‖H1(Ω) ‖.‖L2(Ω?) ‖.‖H1(Ω?)
20 14 399 28 291 10
jH|
0.0138 0.415 0.0064 0.171
40 19 052 37 592 18
jH|
0.0114 0.395 0.0043 0.156
60 22 384 44 285 25
jH|
0.0122 0.437 0.0044 0.142
100 26 476 52 441 35
jH|
0.0139 0.459 0.0086 0.210
200 29 203 57 905 59
jH|
0.0189 0.428 0.0152 0.228
Href 1 345 824 2 686 286 37
h
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τ
µ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lHmjmzT|sy/l*vª©Â¬k¼zTvtu-y/r{zT|  lvxw&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¬?ÐÍ¬klk|l
lky3vxwzTvtu-y/r{zT|Îlk|·ÐªwBr{wB|y
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¬lol/y  rE u¬l
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lmy/w  u-rty
~wBu-|l~lk/yl  © rt|ylk|/rty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¬¾Ä?ºl³su-r=wT¬kv{ikl  ©`wBu-ywB|yvxw~"lk/y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 l~-¬kr{/r{zT|Rº rtu-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wBv{l·ÃÍ¯wBv{ku-v{¬l/u-}ljwBrtvtvxwBl¾Ä.wBufylkjH~
tmax = 0.2
lzT|  lºzT|®¼zTrty9l =lky/rt¼lkjmlk|y
³sul9v{lhzs}zT|y.zT/y/r{  l
¬kr{zT|  lk|l  uÎjwBrtvtvxwBlw  wB~-y¬µ
 !8! B×=Ú   ½zTu-H¬k¼Lrtylkv{l~-zT-v{ikjml  uclkywB   u«jwBrtvtvxwBl&~wBwB~-~"zT/y*°®vxw
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lzT|  lº
©Âl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ly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wT
 wB|v{l¬kr{zT|Hw  wB~-y¬l  u jwBrtvtvxwBlºj  kjml·¯© rtv{HwB//rt¼lk|sy  wB|Hl¬kr{zT|*~wB*vxw
u-rtylµ-Ô9wB|.v{l  lku\­¯wT¯º-lkrw*~"zTu-l "lky  l  rE ulk
vxwmzTvtu-y/r{zT|Rµ
zTu-*Òlkjm¬  r{lk¯º1rtv¨ÐÞwBu-y~-lk|  l·lk|«zTjH~-ylº  wB|*vxw  ¬?¿|-rty/r{zT|  l&vxw®jm¬ky//r{³sulº
vxwzTvtu-y/r{zT|®rt|-rty/rxwBv{llkyvxwzTvtu-y/r{zT|®¿|wBv{l  lovxwm~¬k/r{z  lolk|®rt|sylklkywB|y9v{lku-}jm¬ky//r{³ul
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Ô9wB|lky/yllky/r{zT|RºR|zTu*wBvtv{zT|wB~-~-vtr{³sulkv{l|zTu-¼lkv¨wBvtzT/rty/h-jml  ©`w  wB~-ywBy/r{zT|  l
jwBrtvtvxwBl~zTu-v{l/rtju-vxwBy/r{zT|rt|ywBy/r{zT|-|wBrtlu-ou-|cl?-lkjH~-v{l/rtjH~-v{llky|zTuwBvtv{zT|
wB|wBvt\lk
vª© rtjH~wTky  l9vª© rt|ylklky/r{zT|  l9jm¬ky//r{³ul}lk|ÎylkjH~¯µ
Á,©Âl?\lkjH~-v{lfzT|/r  ¬k¬®lyHvxw±¬k|¬kwBvtr{wBy/r{zT| -rÀ²  rtjmlk|/r{zT|-|lkvtv{l  u y/u-lÎ°»hzs  l
qLz  ÃF~-zT-v{ikjml  l·r{lkjwB|-|	Ä  ¸µ½¶}| zT|/r  ikl·v{l  zTjwBrt|l
Ω = [−1, 1] × [0, 1]
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zT|±rt|sy/z  u-rtyu-|l*~"lk/y/u-/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¬kr{zT|
R
 ¬?¿|-r{l*~wBv{l






















plky ~U = (u, v) 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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tmax = 0.6
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l­/rÀ
zTvtu-y/r{zT|
u-|-rÀÐÍzT/jm¬kjmlk|sy}¬k~wB/y/r{l  wB|vxw~"¬k/r{z  l  zT|sy.vª© rt|-rty/rxwBv{llky
vxw¿|wBv{lµ
zTu- hwT³sul®¬k/r{l  ©`w  wB~-ywBy/r{zT|¾ºVzT| u-y/rtvtr{l­vxw  lk|/rty¬fzTjHjmlÎ¼wB/rxwB-v{l­~zTu-&vxw
 ¬?¿|-rty/r{zT|  l9vxw*jm¬ky//r{³sulolkyzT|®zT|/r  iklv{l~wBwBjmiky/l}/u-rt¼wB|y /
ε = 0.0022, hmin = 0.005, hmax = 0.5
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lo¯9jmzT|sy/lvxw9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¬?ÐÍ¬klk|lwBuHylkjH~
tmax
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wBu-yV°wBu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w  wB~-y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w¼lv{ljwBrtvtvxwBlzT/l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¯µ1¶}|Ò¼zTrtykvxwBrtlkjmlk|yvxw·~lk/yl  © rt|sy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v{l3y/zTr{3~-lkjHr{ik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lº-lk|­~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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zTvtu-y/r{zT|9rt|y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lzT|»lkjwB³sulH³sulvxw&¬kr{zT|  ©Â¬k¼zTvtu-y/r{zT|  l~-h¬k|zTjmik|ll/y
u-|-rÀÐÞzT/jm¬kjmlk|yjwBrtvtv{¬l±Ã ¯zszTj lk|¤hwBu-y°  zTrtyl¾Äolky³ulHvxwÎ~-¬kr{/r{zT|  lvxw­zTvtu-y/r{zT| w
¬ky¬zT|lk/¼¬lµ¹¶}|c~lku-y¼zTrt~-vtuo~-¬kr{¬kjmlk|yvª© rtjH~wTky  u«hzTrÀ  lzTvtu-y/r{zT|~"zTu-
vª© rt|sylklky/r{zT|  l¨jm¬ky//r{³sul,lk|*ylkjH~,/u-1vxw rtu-l9¯\ºz$#HzT|w}vxw  lk|/rty¬  l3vxw}zTvtu-y/r{zT|
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ns ne ‖.‖L2(Ω) ‖.‖H1(Ω) ‖.‖L2(Ω?) ‖.‖H1(Ω?)qLzTvtu-y/r{zT|Îrt|-rty/rxwBv{l
5 597 11 034 0.2261 0.9685 0.2030 0.8776qLzTvtu-y/r{zT|­¿|wBv{l
5 967 11 782 0.1212 0.7881 0.1125 0.7491*rt|sylklky/r{zT|
16 031 31 855 0.0673 0.5838 0.0601 0.5929
1*rt|sylklky/r{zT|
30 650 61 052 0.0398 0.3671 0.0120 0.1987
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ÁRl¤-u-y  l«lky/yl lky/r{zT| l/y  l«¼wBvtr  lkfvxw¦|zTu-¼lkvtv{l wB~-~-zshl  ©`w  wB~-ywBy/r{zT|  l
jwBrtvtvxwBl*wT¬lH/u-9u-|Ï~"zTrt|y9¿--ly/wB|/rtyzTrtlH/u-9v{l~-zT-v{ikjmlHjmz  ikv{l  l*~-zT~wBwBy/r{zT|
 ©ÂzT|  l}|zT|\²ªvtrt|¬¯wBrtl}rt|y/z  u-rty  wB|.vxwqLlky/r{zT|±\µ`\µ§¨zTjHjml  wB|}v{lo¯wT  lvª©`w  wB~-ywA²
y/r{zT|ÏkvxwT/r{³sul&ÃÍ?Ð/µqLlky/r{zT|»\µ nsÄ?ºv{l-u-y}l/y  ©`wBy/ylkrt|  lvxwmzTvtu-y/r{zT|»wBu®ylkjH~}~-h\/r{³sul
tmax = 0.2
lzT|  lµ zTuozTjH~wBlkzT|ov{lozTvtu-y/r{zT|ÃÞw  wB~-y¬lDÄ9zT-ylk|sul°&vxw­zTvtu\²
y/r{zT|  rtyl  l9¬?ÐÞ¬klk|lozT|/r  ¬k¬l  wB|3vxwmqLlky/r{zT|f\µ`\º\vª©Â¬¯wB/y.lk|y/lov{l
zTvtu-y/r{zT|¬kywB|y
yzTuT/zTu-¯wBv{ku-v{¬°vª©`wBr  l  lvxw*.lkvxwBy/r{zT|«ÃÞÄ?µ
zTu-vxw3/rtju-vxwBy/r{zT|Rº¾v{l=j  kjmlR~wBwBjmiky/l1lky=v{l=j  kjmlR¼wB/rxwB-v{l ³sul  wB|Rv{l(¯wT  l
vª©`w  wB~-ywBy/r{zT|HkvxwTr{³ulVzT|y1u-y/rtvtr{¬¹wA¿|  ©`w¯¼zTrt1vxwj  kjmlVzTjH~-v{l?\rty¬µT(vtu1~-¬kr{¬kjmlk|y¯º
zT|u-y/rtvtr{l,vxw  lk|rty¬½zTjHjml,¼wB/rxwB-v{l,~"zTu-Rvxw  ¬?¿|-rty/r{zT|  l,vxw
jm¬ky//r{³ulVlkyRv{lR~wBwBjmiky/l
~"zTu-
vª©`w  wB~-ywBy/r{zT|  lojwBrtvtvxwBl/u-rt¼wB|y /
ε = 0.001, hmin = 0.15 m, hmax = 20 m
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rt|sy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lku-rtv  lHyzTv{¬kwB|l&~zTu-vxw­zT|s¼lk/lk|l  wB|vxw·"zTukv{l
rt|sylk/|l0/
ε1 = ε2 = 0.03
µ
Á w 1rtu-lo¯jmzT|y/l.vª©Â¬k¼zTvtu-y/r{zT|  l
vxw9zTvtu-y/r{zT|  l
¬?ÐÞ¬klk|llky,vxw9zTvtu-y/r{zT|&w  wB~-y¬lµ
¶}|·zT|/ywByl³ul}vª© rt|ylk|rty¬  l}vxwzTvtu-y/r{zT|Îwo¬ky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¬lk/¼¬l9lky¨³sul.v{lV~-h¬k|zTjmik|l
zT|sy
-r{lk|»/rty/u¬  wB|9v{l  zTjwBrt|l  l*¯wBv{ku-vªµ ¶}|fv{l¼zTrty9~-vtu9~-¬kr{¬kjmlk|you-vxw1rtu-l·¯
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zTvtu-y/r{zT|  l9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hwT³sul9/rtju-vxwBy/r{zT|	Ä?µÁ l.jwBrtvtvxwBl¿|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zL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l
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l
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¬?ÐÞ¬k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wTky
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v{ly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µ
Ôlku\Ï¬k/r{l  l¯wBv{ku-v(/u-~-~-v{¬kjmlk|sywBrt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l
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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l
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h
30
² ² ² ²
	0n21 3ÉªÅÉÍÌxÈkÉÍÌ 8-ÊDÈ  Ê?È mÅTÌÀÅ
sÊDÈ 











Å  ÅDÆÉªÅÉÍÌÞÇ-È  Ê mÅTÌ	tÅ
Ê
ÊkÉ {ÊDÈ3Ê?Ë?ËÊsËDÈ3Ë/ÊtÅÉÍÌ BÊDÈ




Ω? = Ω \ D































































+-,/.-03¯ 1  -Å{ÊLËÈ  Ê  ÊH-ÈDÌÍÉ  Ê tÅfÈkÇ \ÉÍÌÍÇ¦Å É¸Ê}ÆÈ
tmax = 0.2
ÈÊ 5Ç  Ê­ÈJLË {ÊDÈ




y = 3.07692x − 17.4615
 #  ËÑÇÌFÉ¸Ê %(ÇR
Æ-ÅTËÑÅÌxÈÇ  Ê tÅÏÈÇ \ÉÍÌÞÇ  Ê Ë   ?Ë/ÊH5Ê ªË/Ç
Ê¤ÊkÉ  ÊDÈ&ÈkÇ LÉÍÌÞÇ-È­Å  ÅDÆ"ÉÊDÈ  
  \ÅLÉ tÅ
ÈÇ LÉÍÌÞÇ¤Å BÊ5
16
Å  ÅDÆÉªÅÉÍÌÞÇ-ÈÌ	-ÈkÉªÅÉÍÌÞÇ	ÅTÌFËÊDÈ  Ê6mÅTÌÀÅ




ªË/ÇBÈÊ mÅ  ÅDÆÉªÅÉÍÌÞÇ-È 5HtÅBÈÈ?Ì 8HÊDÈ  Ê mÅTÌ	tÅ
ÊA 
  /ÅBÈ 0{ÊDÈÈkÇ LÉÍÌÞÇ-ÈoÅ BÊ5
12




¸ËÑÇTÈÊ&Å  ÅDÆÉªÅÉÍÌÞÇ-È  ÊmÅTÌ	tÅ
ÊÌ-È?ÉªÅÉÍÌÞÇÌÍÅTËÊDÈA
FG8CF î









ÈkÇ LÉÍÌÞÇ-È   Ê-È?ÌFÉ 5ÇËDËÊDÈªÆ-Ç  Å	É¸ÊDÈ  
  \ÅLÉ ÈkÇ LÉÍÌÞÇ Ì	ÌFÉÍÌÞÅ{Ê  ÊtÅ
 Ê?ËJÌ ?ËÊ½Æ kËDÌÞÇ  ÊÅ&É¸Ê}ÆÈ
t = 0.1875
ÈÊ5Ç  ÊÊkÉ½Ê /ÅBÈ  ÈÇ \ÉÍÌÞÇ 
 	Å{Ê  Ê tÅ  Ê?ËÌ ?Ë/Ê
Æ ?ËDÌÞÇ  Ê*Å®É¸Ê}ÆÈ
tmax = 0.2
ÈÊ 5Ç  ÊA
CDC ôE.FHGJIK
n     tÅ¾ÊkÉ	
 "ËÊ.Ê/ÇTË 
ÊHÊkÉ±ÇLÅ mÅ  Ì
+-,/.-0¯ 1   AÇ \ÉÍÌÍÇ  ÊDÈ±ÌxÈÇ öÌ 
ÊDÈ  Ê  ÊÈDÌÍÉÆ\ÇLË tÊDÈfÈkÇ \ÉÍÌÍÇÈ  Ê»Ë   ?ËÊ5Ê  #

Å?5 \ÊÊÉ"Å  ÅDÆÉÊ
16








È¯Ê 5Ç  ÊA
FG8CF î
  ÅDÆÉªÅÉÍÌÍÇ  ÊmÅTÌ	tÅ
Ê Æ\ÇsË{ÊDÈ3Æ	Ë/ÇÊDÈÌ-ÈkÉªÅÉÍÌÍÇ	ÅTÌFË/Ê?È n
+-,/.-031 1   AÇ LÉÍÌÞÇ  ÊDÈ mÅTÌ	tÅ
Ê?È­Å  ÅDÆÉDÈ # 
Å?5-ÊcÊkÉ  Ê tÅ  ÌýÈ?ÉÍË?Ì LÉÍÌÞÇ ;: ÌýÈkÇ








ÈÊ 5Ç  Ê VÆ\ÇLËA : Å?ÆÆ	Ë/Ç5\Ê Ì-ÈkÉªÅ
ÉÍÌÞÇÅTÌýËÊÅ BÊ 5
16
Å  ÅDÆÉªÅÉÍÌÍÇÈ  ÊmÅTÌÀÅ
sÊA
CDC ôE.FHGJIK
nn     tÅ¾ÊkÉ	
 "ËÊ.Ê/ÇTË 
ÊHÊkÉ±ÇLÅ mÅ  Ì
   .3	 ¸( !((2#
%
Ô9wB|lky/ylHlky/r{zT|Rº"|zTuowBvtv{zT|wB~-~-vtr{³ulkvª©`w  wB~-ywBy/r{zT|  ljwBrtvtvxwBlmwT¬l*/u-9u-|
~"zTrt|y¹¿--l3y/wB|/rtyzTrtl
lk|  rtjmlk|/r{zT|y/zTr{¹~zTu-(jmzT|sy/lk,vxw¼TwBvtr  rty¬  l3vª©`wB~-~-zLhl./u-¹u-|
¯wTo¬lkv½lkyzT|klky¯µ Á lH~-zT-v{ikjmlzT|/r  ¬k¬&l/yvxw·~-zT~wBwBy/r{zT|  ©ÂzT|  lo|zT|\²ªvtrt|¬¯wBrtl
 wB|}u-|l¬zTjm¬ky//r{lzTjH~-v{l?-l³su-r¹/rtju-v{lvª©Â¬k¼zTvtu-y/r{zT|  © u-|ll?\~-v{z/r{zT|  wB|}u-|l~-vxwTl
 wB|Îu-|l±¼srtvtv{lº 1rtu-l LµÁw /rtju-vxwBy/r{zT|2l±y¸L~l  l±~-zT-v{ikjml«w¼l»~-¬kr{/r{zT|'l/y
¯wB~-rtywBv{l­¬kywB|sy  zT|-|¬­³uR© rtv3|R©Âl/y*~wT*~"z/rt-v{l  l ¬¯wBvtr{lkHlH/rtju-vxwBy/r{zT|lk| ¬¯wBvtrty¬µ
Ü}uT/zTu-  © hu-rªºrtvVl?\r{/ylHu-|l  lkjwB|  l  wB|vxw­¬¯wBvtr{wBy/r{zT|  lHylkvtv{l/rtju-vxwBy/r{zT||u-jm¬?²
/r{³sul¯ºTzT|Hkrtylkw}~wB,l?\lkjH~-v{l¨vª©Â¬ky/u  l  l¨vª© rtjH~wTky  © u-|l
l?L~-v{zr{zT|  wB|¹v{lÒzT/v  gRw  l
§¨lk|sylk  n¸µ
§¨lky/yl rtju-vxwBy/r{zT| l/y*vª©Âl?\ylk|/r{zT|  u«~-zT-v{ikjml·jmz  ikv{l·lk|  rtjmlk|/r{zT| y/zTr{¯º,qLlkyÑ²
r{zT|«\µ`\µ 1zTu-v{lzT|  rty/r{zT|rt|-rty/rxwBv{llk|  rtjmlk|/r{zT|cy/zTr{¯º=vª©`wBrtwBj-rxwB|yHw·v{loj  kjml
~-zT~-/r{¬ky¬·³suR©Âlk|  rtjmlk|/r{zT|  lku\=º,~wB&zT|sy/lÏvxw»¬kr{zT| rt|-rty/rxwBv{l  lfhwBu-yl  lk|/rty¬±w
























rty¬kwBy/r{zT|*~-/rt|krt~wBv{l  ©`w  wB~\²
ywBy/r{zT|Rº½©Âl/yÑ²ë°A²  rtlÎ³sul­~zTu-mhwT³ulÎ~¬k/r{z  l­zT|¦w¼wB|lÎlk| ylkjH~  l
∆t = 0.0033lzT|  lµ 	'hwT³ulrty¬kwBy/r{zT|  l9vxw*zTukv{l9~-/rt|krt~wBv{lº	zT|Îl "lky/ul
4
rty¬kwBy/r{zT|rt|ylk/|l
~"zTu-¬zTu  lv{l~-zT-v{ikjml  l~"zTrt|y}¿--ly/wB|/rtyzTrtlµR¶}|±zT|/r  iklu-|ljm¬ky//r{³sulr{zB²
y/zT~"l±wT¬l±/u-­vxw«¼wB/rxwB-v{l  l  lk|/rty¬º3¼wB/rxwB-v{l±~zTu-­vxwT³sulkvtv{l»zT|  ¬/rtl»zT|y/"!Tv{lk
vª©Âlk/lku-¯µ¶}|®wu-y/rtvtr{¬
5




~wBwBjmiky/l  ©`w  wB~-ywBy/r{zT|±/u-rt¼wB|y /
ε = 0.003, hmin = 0.3 m, hmax = 10 m
lky











w  wBy/r{zT|ÎÃñÌ0ýÊ Ev{l½wB~-~zT/y  l,ywBrtvtv{l¨jwA\rtjwBvLlk|sy/l  lku\¬kv{¬?²
jmlk|sy1¼zTr{/rt|DÄ?µ %¸vly¹°|zTylk1³sul,vxw.ywBrtvtv{l  u  zTjwBrt|l  l½¯wBv{ku-v-l/y  l
85× 85× 70 m3
º
 zT|9u-|­jwBrtvtvxwBlu-|-rÀÐÍzT/jmlow¯¼lyzTul
¬kv{¬kjmlk|sy¬ku-vtr{lk  l !Ty¬
h = hmin
ºwBu-wBrty





zTjHjmlkyw&¬ky¬¬k|¬k¬º 1rtu-l ®ÃÞ°  zTrtyl¾Ä?µ"Á w 1rtu-l ¯mjmzT|sy/l
vxw&~-zT~wBwBy/r{zT|  l9zT|  lo°  rE =¬klk|yrt|/ywB|syÃFr{zB²¸/u-ÑÐªwTl  l  lk|/rty¬¾Ä  wB|9vxw&¬zB²
jm¬ky//r{lµ

















Á l 1rtu-l¯HlkyA²ë\ojmzT|y/lk|sy9l/~lky/rt¼lkjmlk|sy.vª©Â¬k¼zTvtu-y/r{zT|  ljwBrtvtvxwBl}r{zTy/zT~"l
 l/u-ÑÐÞwTllky  l¼zTvtu-jml*w  wB~-y¬*Ã  wB|.u-|Î~-vxwB|  lzTu-~"lz$#Îv{l}y¬ky/wTi  lzT|yzTu\²
~"¬
lk|Îh¬k/r{zT|	Ä3w¼lv{l  r{y//rt-u-y/r{zT|  © r{z  lk|/rty¬zT/l~zT|  wB|sylwBuÎzTu-  ll
rty¬kwBy/r{zT|¾µBqsu- lR¿u-l¯º¯vxw  lk|rty¬  ujwBrtvtvxwBl½rt|  r{³ul,kvxwBrtlkjmlk|sy¹v{l=¬kr{zT|z$#¬k¼zB²
vtulk|syv{l
~-h¬k|zTjmik|l*ÃFv{lzT|  l  lhzs¾Ä3~lk|  wB|sy.v{l
~"¬k/r{z  l.zT/l/~zT|  wB|syl¯µÁ l
FG8CF î




vª© rt|sylklky/r{zT|  ljm¬ky//r{³ullk|­ylkjH~¾º
³su-r
l/yHu-| ~"zTrt|ykv{l?Ð  l­lkywBvtzT/rty/h-jmlµ½ß(vtv{l­~"lk/jmlky  ©`w¼zTrtu-|l  lk|/rty¬­u-|-rÀÐÞzT/jml
 wB|¨vxw¬kr{zT|  ©Â¬k¼zTvtu-y/r{zT|  lV~-h¬k|zTjmik|lwBu·zTu-  lvxwo~"¬k/r{z  lº  zT|  l.~-¬lk/¼lk
vxw­~-¬kr{/r{zT|  lHvxw®zTvtu-y/r{zT|«wBuczTu-  uc¯wBv{ku-vªºlkyo-r{lk|c  -  lm/u-rt¼LlHvª©Â¬k¼zTvtu-y/r{zT|  l
~-h¬k|zTjmik|l¾µ
Á w rtu-l
.rtvtvtu/y/l¨vª© rt|ylklky/r{zT|  lVjm¬ky//r{³sul¹lk|*ylkjH~¯ºTzT|~"lku-y1¼zTrt1vª©Â¬k¼zTvtu-y/r{zT|




l/y  l}vª©ÂzT  l  u·ylkjH~
∆t
lk|y/l  lku\·w  wB~-ywBy/r{zT|¾µ-Ôl
~-vtu¾º	zT|ÏlkjwB³ul*³suR©Âlkvtv{lly9°mvxwHÐÞzTr{  ¬?¿|-r{l~"zTu-v{ljwBrtvtvxwBl  l/u-ÑÐÞwTllky~zTu-v{l
jwBrtvtvxwBl  l&¼zTvtu-jmlµ½qsu-vxw 1rtu-l·\º1zT|«¼zTrtyHkvxwBrtlkjmlk|yHv{l ¯wBwTkyikl·rtjH~-¬k¼sr{rt-v{l





ywBy/r{zT|  l¨y/w¯¼TwBrtv ½°}n ®h w¯¼l
1













100rty¬kwBy/r{zT|&/u-*u-| jwBrtvtvxwBl  l
750 000
zTjHjmlky¯µ(Á l­|zTj-l  © rty¬kwBy/r{zT|  l­zTvt¼lku-
l =lky/u¬lolk|sy/l  lku\»w  wB~-ywBy/r{zT|  ¬k~"lk| » l¯wBwTky¬k/r{/y³sul  lvª©Â¬zTu-v{lkjmlk|ylky  l




rty¬kwBy/r{zT|HwBuczTu-  lmvxw  lk/|-r{ikl~"¬k/r{z  lµ1¶}|
zT|ywByl³sulv{lzTvt¼lku-9|u-jm¬k/r{³sul*zT|y//rt-ulm°hwBu-ylku-  l
95
  u±ylkjH~  l¯wBv{ku-v
v{zTwBvªµÁ wH/rtju-vxwBy/r{zT|  wB|zT|®rt|y¬kwBvtrty¬w  u-¬lou-|l  r ¾wBrt|l  l3/zTu-¯µ
CDC ôE.FHGJIK
n1     tÅ¾ÊkÉ	
 "ËÊ.Ê/ÇTË 
ÊHÊkÉ±ÇLÅ mÅ  Ì
%¸y¬kwBy/r{zT| glkjH~.~-hsL/r{³sul qLzTjHjmlky g
¬ky/wTi  l gR/rxwB|-v{l

0.027 280 525 1 630 619 40 736¯
0.05 603 644 3 541 268 63 526
0.077 739 854 4 326 861 78 816
0.1 743 735 4 328 741 87 322
	0(E1   AÇ \ÉÍÌÍÇ  Ê ÀÅ±ÉªÅÌ	tÊ  ÊDÈ mÅTÌ	tÅ
Ê?È Å  ÅDÆ"ÉDÈ·Å 
   ÊDÈÌÍÉ?ËÑÅÉÍÌÍÇÈ ëÇ  







 Ç kÉÍËDÌ98HÊ  Ê tÅ®ÈJLËÅ	5Ê    ÇHÅÌ	Ê    Ë/ÇTÌFÉ¸ÊtÊ
mÅTÌÀÅ
sÊ  Ê&5Å5H   Ê9ÈsË Å	5ÊÌÌFÉÍÌÞÅ
FG8CF î
  ÅDÆÉªÅÉÍÌÍÇ  ÊmÅTÌ	tÅ
Ê Æ\ÇsË{ÊDÈ3Æ	Ë/ÇÊDÈÌ-ÈkÉªÅÉÍÌÍÇ	ÅTÌFË/Ê?È n
+-,/.-0¯ 1   BÇ \ÉÍÌÞÇ  ÊDÈÌxÈÇªÈsË kÅA5ÊDÈ  Ê  Ê-È?ÌFÉ  Å-È{Ê  ÇmÅTÌÊ  Ê 5Å 5H RÅ HÉ¸Ê}ÆÈ
                  HÊkÉ   HÈÊ5Ç  Ê   Ê 
Å 5\Ê #  Ë/ÇTÌÍÉ¸ÊÊÉ  Ê LÅ\É
Ê /ÅBÈ
CDC ôE.FHGJIK
n     tÅ¾ÊkÉ	
 "ËÊ.Ê/ÇTË 
ÊHÊkÉ±ÇLÅ mÅ  Ì
+-,/.-0R¯)1 ÏÅÌ	ÀÅ
ÊDÈoÌýÈkÇÉÍË/ÇDÆ-ÊDÈÅ  ÅDÆÉDÈ  ÊoÈJLËÅ	5ÊHÊkÉ  ÌýÈ?ÉÍË?Ì HLÉÍÌÞÇ-È  : ÌxÈÇ  Ê-ÈDÌÍÉDÈ)5ÇËV
ËÊDÈ¸Æ\Ç  ÅÉ¸ÊDÈ 3Å  É¸Ê}ÆÈ                   HÊkÉ   HÈÊ5Ç  Ê 
FG8CF î
  ÅDÆÉªÅÉÍÌÍÇ  ÊmÅTÌ	tÅ
Ê Æ\ÇsË{ÊDÈ3Æ	Ë/ÇÊDÈÌ-ÈkÉªÅÉÍÌÍÇ	ÅTÌFË/Ê?È n
+-,/.-0)1 ÏÅTÌÀÅ
sÊDÈÌxÈÇÉÍËÑÇ?Æ-ÊDÈÅ  ÅDÆÉDÈ  Ê AÇ  Ê  Å-È  mÆ:tÅ  Ê&5Ç¾Æ-ÊHÊkÉ  ÌýÈ?ÉÍË?Ì H
ÉÍÌÞÇ-È  : ÌxÈÇ  Ê-ÈDÌÍÉDÈ)5ÇËDËÊDÈªÆ-Ç  Å	É¸ÊDÈÅ  É¸Ê}ÆÈ                     *ÊkÉ    *È¯Ê 5Ç  ÊA
CDC ôE.FHGJIK
     tÅ¾ÊkÉ	
 "ËÊ.Ê/ÇTË 
ÊHÊkÉ±ÇLÅ mÅ  Ì
+-,/.-0\ 1 ÏÅTÌÀÅ
sÊDÈÌxÈÇÉÍËÑÇ?Æ-ÊDÈÅ  ÅDÆÉDÈ  Ê AÇ  Ê  Å-È  mÆ:tÅ  Ê&5Ç¾Æ-ÊHÊkÉ  ÌýÈ?ÉÍË?Ì H
ÉÍÌÞÇ-È  : ÌxÈÇ  Ê-ÈDÌÍÉDÈ)5ÇËDËÊDÈªÆ-Ç  Å	É¸ÊDÈÅ  É¸Ê}ÆÈ                     *ÊkÉ    *È¯Ê 5Ç  ÊA
FG8CF î
  ÅDÆÉªÅÉÍÌÍÇ  ÊmÅTÌ	tÅ
Ê Æ\ÇsË{ÊDÈ3Æ	Ë/ÇÊDÈÌ-ÈkÉªÅÉÍÌÍÇ	ÅTÌFË/Ê?È \
+-,/.-0¹71 J sÈ?ÉÍË/ÅÉÍÌÞÇ  Ê  : Ì.Æ-Å	5É  Ê  : ÌÉ¸Ê?ËDÈÊ 5ÉÍÌÞÇ  Ê  kÉÍË?Ì98H-Ê?È·Ê É¸Ê}ÆÈ  Å-ÈAtÊ
BÇ  Ê·ÊkÉÈsË ÀÅÎÈJLËÅ	5Ê  
  LÅ\ÉÀÅÎÈkÇ \ÉÍÌÍÇ Å   \É  Ê ÀÅHÆ ?Ë?ÌÍÇ  Ê­ÊkÉÊ /ÅBÈ tÅ
ÈÇ LÉÍÌÞÇ #tÅ 
   ÊtÅ3Æ ?ËDÌÞÇ  Ê = Ê?È}Ç  ÊDÈ  Ê 5\Ç5?È  BÇ ÊÉÈ¯Ê {ÊÊÉ  ÅÈ {ÊDÈË  
TÌÞÇ-È
 Ì kÇËJ ÊÉ¨Å  ÅDÆ"ÉÊDÈ 5 : Ê?È?É #  ÌFË/Ê*Ç tÊmÅTÌ	tÅ
Ê*ÊDÈkÉ  ÊÈÊ
CDC ôE.FHGJIK
     tÅ¾ÊkÉ	
 "ËÊ.Ê/ÇTË 
ÊHÊkÉ±ÇLÅ mÅ  Ì
+-,/.-0T(1 Ì  ?ËÊÉFÈÆ:ÀÅ-È  Ê 5Ç¾Æ-Ê  Å-È;{Ê  ÇHÅÌ	Ê  Ê 5Å5H ÅHÉ¸Ê}ÆÈ       3ÈÊ 5Ç  Ê
 Å-ÈA{ÊDÈ 8HÊúÈ­Ç Å {Ê mÅTÌ	tÅ
Ê&ÌýÈkÇÉÍË/ÇDÆ-Ê·Å  ÅDÆÉ  Ê AÇ  ÊÎÊkÉ {ÊDÈ  ÌýÈ?ÉÍË?Ì LÉÍÌÞÇ-È ;: ÌýÈkÇ
 Ê-ÈDÌÍÉDÈ 5ÇËDËÊDÈªÆ-Ç  Å	É¸ÊDÈ  
 ?LÅ\É ¤Æ4ÀÅ  Ê 5Ç¯Æ-Ê¤ÇÉLÇ 
Ç	Å9Å ÈkÇÊkÉ*Ê /ÅTÈ 
Æ-ÅTËÑÅ	{Ê*Å­ÈkÇ  Ê  Ê  ÊDÈÈÈ 
FG8CF î




Ô9wB|l·wB~-~zT/y¯º(|zTu w¼zT|jmzT|y/¬Î³sul·vª©`wB~-~-zshl®kvxwTr{³ul  ©`w  wB~-ywBy/r{zT|  l
jwBrtvtvxwBll/yrt|sy//rt|i³ulkjmlk|sy9rt|w  wB~-y¬l°Hvª©Â¬ky/u  l  l~-zT-v{ikjml  ¬k~lk|  wB|sy  uÎylkjH~
 wB|1v{lV¯w  l  ulkjwBrtvtvxwBlº°.¯wBul  lVvª©Âlk/lku-¹rt|y/z  u-rtylV~wB1vª© rt|ylk/~"zTvxwBy/r{zT|°}hwT³sul
w  wB~-ywBy/r{zT|Rµ zTuow¼zT|wBv{zT9~-zT~z¬u-|ljm¬ky/hz  l  ©`w  wB~-ywBy/r{zT|  ljwBrtvtvxwBl*wT¬l
u-=u-|o~zTrt|sy=¿--l(y/wB|/rtyzTrtl,~"zTu-=y/wBrtylk v{lR~-zT-v{ikjml rt|/ywBy/r{zT|-|wBrtl  wB|=v{l,¯w  l  u
lkjwBrtvtvxwBlµR§¨lky/yljm¬ky/hz  lu-y/rtvtr{lu-|Ïh¬kjwm¬k|¬kwBv  ©`w  wB~-ywBy/r{zT|  lojwBrtvtvxwBl~"zTu-
v{l¹/rtju-vxwBy/r{zT|,rt|/ywBy/r{zT|-|wBrtl½³u-r\~"lku-y ky/l¨¼LuHzTjHjml3u-|l¨l?\ylk|/r{zT|  umh¬kjw9kvxwTÑ²
r{³ulµs§¨l}|zTu-¼l¯wBu·h¬kjw~lk/jmlky  l~-¬  rtl}vª©Â¬k¼zTvtu-y/r{zT|  l.vxwozTvtu-y/r{zT|Rºs|zT|&zT|-|sulHÅ
ÆËDÌÞÇTË?ÌFº  wB|½v{l  zTjwBrt|l  l¯wBv{ku-vªµsß(|/u-rtylºu-|l~-zs¬  u-l  © rt|sylklky/r{zT|  l
jm¬ky//r{³ul
lk|ylkjH~ l/yRlkjH~-v{z¾¬l¨wA¿|  ©`w  wB~-ylk1v{l¹jwBrtvtvxwBl  wB|=v{lR¬kr{zT|z$#ovxw
zTvtu-y/r{zT|¬k¼zTvtulµ
Ü¼lvª© rt|sylklky/r{zT|  l.jm¬ky//r{³sul¨lk|ylkjH~¯ºs|zTu¨w¯¼zT|¨rt|y/z  u-rty  l.jwB|-r{ikl.rtjH~-vtr{krtyl
v{l*ylkjH~  wB|vª©Âl/y/rtjwBylku-  ©Âlk/lku-¯º lH³su-r,rtjH~-vtr{³ul³ul*vª©Âlk/lku-l/yozT|y/"!Tv{¬lyzTu-y
wBufv{zT|-  lvxwrtju-vxwBy/r{zT|RµR§¨lky/yl|zTu-¼lkvtv{l*wB~-~-zLhl*w  zT|~lk/jHr{HÃFrýÄ  l~-¬lk/¼lk9vxw
~-¬kr{r{zT|  lvxw®zTvtu-y/r{zT|«yzTu-ywBu«v{zT|-  lzT|«¬k¼zTvtu-y/r{zT| lky·ÃFrtrýÄ  l¬  u-rtl v{lm|zTj-l
 ©`w  wB~-ywBy/r{zT|  wB|v{lH-u-y  lmzT|sy/"!Tv{lkvª©Âlk/lku-/u-ov{l  ¬k/rt¼¬lylkjH~zTlkvtv{l¾µ Ü}u-y/l?²
jmlk|sy  rty¯ºlky/ylwB~-~-zLhl~lk/jmlky  lozT|y/"!Tv{lk}vª© rt|ylk/¼wBvtv{l  lylkjH~}¯wBwBy¬k/r{/y/r{³ul  u
jwBrtvtvxwBlµ
ÁRl1¬/u-vtywBy¹lk|  rtjmlk|/r{zT|  lku\u-v{lV~-zT-v{ikjml¨jmz  ikv{l¨zT|y(zT|\¿/jm¬¨vxw¼wBvtr  rty¬3lky
vª©Âl?Õ¯wTkrty¬  l.lky/ylwB~-~-zshlºlk|mylk/jml  l
~-¬kr{/r{zT|  l
vxwozTvtu-y/r{zT|&lky  l
¬  uky/r{zT|  l
vxw}zTjH~-v{l?\rty¬oÃFwBrt|  lVylkjH~  l¨¯wBv{ku-výÄ?µß(vtv{l
w.¬ky¬3wB~-~-vtr{³u¬lw¯¼l3/ui¹lk|  rtjmlk|r{zT|
y/zTr{¾º  wB|3v{l¯w  lr{zTy/zT~lºL/u-¨u-|l¬zTjm¬ky//r{lzTjH~-v{l?\l~"zTu-Vu-|l9/rtju-vxwBy/r{zT|­¬lkvtv{lº
z$#­vxwmzTvtu-y/r{zT|®l/y
|zT|Î~-¬  r{ky/rt-v{l Å9ÆËDÌÞÇTË?ÌFµ
}zTyzT|9³sulvª©Âlk|lkj-v{l  l9~-zLl/uHÃF¬k|¬kwBy/r{zT|  l  rE "¬klk|syjwBrtvtvxwBllky9u-y/rÀ²
vtr{DwBy/r{zT|«¬k~"¬ky¬l  u zTvt¼lku-DÄ*w®¬ky¬·jmlk|¬·/u-u-|l 	ë/rtjH~-v{lC /ywBy/r{zT|  l y/w¼wBrtvlk|  l
ylkjH~&³u-r
lylk|ywBr{zT|-|wB-v{l¯µ½Ü}u-y/lkjmlk|y  rty¯º(vª©`w  wB~-ywBy/r{zT|  l­jwBrtvtvxwBlÏw±~"lk/jHr{
 ©Âl =lky/ulklky/yl/rtju-vxwBy/r{zT|­¬¯wBvtr{/yl9y//r  rtjmlk|/r{zT|-|lkvtv{lyzTu-y
lk|Î¬k¼LrtywB|y  ©`w¼zTrt
lzTu-
°  ljmz¯lk|lky  l
jm¬ky/hz  l.~-vtu
v{zTu-  lÃÍzTjHjmlv{l¯wBv{ku-vR~wBwBvtv{ikv{l¾Ä?µ
ÁRl½¬u-vtywBy¨zT-ylk|su3zT|y¨jmzT|y/¬vª© rtjH~zT/ywB|l  lvª©Â¬kywB~"l  © rt|ylk/~"zTvxwBy/r{zT|­~zTu-Vv{l
rtju-vxwBy/r{zT|rt|/ywBy/r{zT|-|wBrtl¯µ ¹wBzT|¬³ulk|sy¯ºRy/zTu-¼lku-|ch¬kjw  © rt|ylk/~"zTvxwBy/r{zT|«³su-r
~"lk/jmlky¹u-|*jmlkrtvtv{lku-,zT|y/"!Tv{l  l¨vª©Âlk/lku-,/u-¹v{l  ¬k/rt¼¬l(ylkjH~zTlkvtv{l  l¨vxwzTvtu-y/r{zT|H~"lkÑ²
jmlky/y/wBrty  ©Âl =lky/ulk¨u-|&~-vtu¨wB|  |zTj-l  ©`w  wB~-ywBy/r{zT|  l}jwBrtvtvxwBl}lky  zT|}¬  u-rtl
vxwywBrtvtv{l&ÃFv{lylkjH~.¯wBwTky¬k/r{/y/r{³sul¾Ä  l.jwBrtvtvxwBl}w¼lovª©`w  wB~-ywBy/r{zT|frt|/ywBy/r{zT|-|wBrtlµ
ß(|zTu-y/lº|zTu¨w¼zT|VjHr{½lk|¬k¼Lr  lk|l³suR©Âlk|  rtjmlk|/r{zT|y/zTr{,vxwjwA/zT/rty¬  umylkjH~
 lH¯wBv{ku-v9ÃÍlk|¼LrtzT|
95
  uÒylkjH~  lm¯wBv{ku-v,yzTywBvýÄ9¬kywBrty  ulmwBu¤zTvt¼lku-o|su-jm¬k/r{³ulµ
Ô9zT|º\~"zTu-3¬  u-rtlv{l9z -y  l9|z
/rtju-vxwBy/r{zT|¯ºu-|Îl "zT/y
l/y.°~-z  u-rtlowBu­|-rt¼l¯wBu  u
zTvt¼lku-o|u-jm¬k/r{³sulµ,vtu/r{lku-wB~-~-zLhlzT|syo~z/rt-v{l /RzTvt¼lku-rtjH~-vtr{krtyllk|ÒylkjH~¾º
u-|­~wT  l9ylkjH~v{zL¯wBvRlk|Îrt|/ywBy/r{zT|-|wBrtlºtµtµtµ





kr{l.lky  ©`wTkz {y/l9vxwo¬  uky/r{zT|  l}vxwozTjH~-v{l?\rty¬*ÃÍlk| ylk/jml  l  lk¬  l.vtrtlk/y¬9lky  l
ylkjH~  lo¯wBv{ku-výÄ¨~wBwB~-~"zT/y}°vª©`w  wB~-ywBy/r{zT|  l9jwBrtvtvxwBlor{zTy/zT~"lµ
CDC ôE.FHGJIK
Bn     tÅ¾ÊkÉ	
 "ËÊ.Ê/ÇTË 
ÊHÊkÉ±ÇLÅ mÅ  Ì
  ! !¹"(1(
   + 0  	

)0 0 +½ºß½/y/rtjwBylku-  ©Âlk/lku-¬zTjm¬ky//r{³sulolky
jm¬ky//r{³sulowB|-rÀ²
zTy/zT~lV~"zTu-½vª©`w  wB~-ywBy/r{zT|  l.jwBrtvtvxwBlµL1wB/y/r{l %4/swT/~"lky,y/h¬zT/r{³sul¯º 
 ÅDÆÆ\ÇË?É  Ê

Ê 5\ÊkË 5-Ê    
    ºLnT\º ±wB.\µ
  + 0 
 0 0 +
&0 "!$# %&% (';,ªº¹Ü  wB~-ywBy/r{zT|  l&jwBrtvtvxwBl*|zT|
/y//uky/u-¬¹~zTu-  l1~-zT-v{ikjml¹rt|/ywBy/r{zT|-|wBrtl¯º %'
    5Å   365kÌ0 
ÅËDÌýÈ?ºqLlk¯µ%R\º
~-~RµR?²,1\º\µ
  + 0  	
 ÊkÉVÅBxº\gRwB|/r{lk|sy¿--l  ~zTrt|sy
wTl  u-|/y//uky/u-l  jml/h®w  wB~-ywBy/r{zT|Rº
JÉ< 
     Ê?ËA±ÊkÉ   LÌ  Èkº?D,zTvªµ-n\º
n◦
1A² Lº-~-~Rµ TA² An\º\µ
 n) 0*70+  (%,.- 0./0! (1'32 0+/04(#511º }u-jmlk/r{¯wBv¨qsrtju-vxwBy/r{zT|czBÐ76VvxwTyrt|»y/hl
ÒzT/v  gRw  l*§¨lk|ylk¯º       Æ\ÅDÆÊ?Ë?ºA²ë\ºR¯\µ
 )- 0&&!(8!(59:# (; ,<*70>=?# (@A	> 0/ 0CB!$ ., 0&/  .D
)0E 0 +Vº
ß,/y/rtjwBylku-  ©Âlk/lku-f¬zTjm¬ky//r{³ulflky®w  wB~-ywBy/r{zT|  l»jwBrtvtvxwBlº  wB|!±wBrtvtvxwBl
lkyHw  wB~-ywBy/r{zT|Rº(1µÂÁ,µVlzT/l l  µtº,qL¬k/r{l Ï¬¯wB|-r{³ul­lky %ë|-¬k|-r{lk/r{l  l ±wBy¬k/rxwBu\=º
f¬ky/hz  l }u-jm¬k/r{³ul¯º Ê?Ë DÈ 365kÌªÊ5Ê
ÅTË?ÌxÈkº\µ
 1) 0 0 = $FG
H!IJ*&, ( +0K-,9#
K0 0KL!$# %&% (' ,(15'NM 0 ,OH!$11 ¹ºRÜ}|-rÀ²
zTy/zT~-r{Ó}|/y//uky/u-l  Ïl/h¤Ü  wB~-ywBy/r{zT|cÐÞzT 1v{z$qsrtju-vxwBy/r{zT|¯º JÉ<
     mÊkË 
±ÊkÉ   sÌ  È?º?D,zTvªµ	\º-~-~Rµ-nTA²ªn\ºR¯ Lµ
 ) 0 0 +½º 	Lº"Ü ÐÍu-vtvtfwBu-yzTjwBy/r{mw  wB~-y/rt¼lr{zTy/zT~-r{*/u-ÑÐªwTllkjml/h-rt|-·~-zB²
l  u-lº 
 ÅDÆÆ-ÇTË?É Ê 5Ì98HÊ    
    º\¹g¨²ë\º z¯¼lkj-l\µ




 ) 0 0 +½º­§¨zT|y//rt-u-y/r{zT|7wBu\$jm¬ky/hz  l  l zT|sy//uky/r{zT|Rº  ©ÂzT~-y/rtjHr{wBy/r{zT|6lky
 ©`w  wB~-ywBy/r{zT|  l­jwBrtvtvxwBl  l»/u-ÑÐÞwTl¾µ7R #	#	%A
S  
 	%  	A 
#A5T	 "
 VU	WT 
5TX   
 CT ZY	 "
[A	
 ºg3hil  © wB-rtvtrtywBy/r{zT|­°oÔrt/rtlk  l
.lhlkhl  lvª©ÂÓ}|-rt¼lk/rty¬  l¹wB/r{ 1\º	\µ
 ¯) 0 0+.\]
)0E/ 0BH!(.$=º ±wBrtvtvxwBl /wB~-~-vtr{¯wBy/r{zT|9wBu\®¬kv{¬kjmlk|sy}¿|-r{¯º lkÑ²
jmi}qLkr{lk|lº¹wB/r{¯ºR¯\µ
  ) 0^IJ/ 0+B!$ ."ºg lkyjml/h-rt|-/ zT|/y//uky/r{zT|RºRzT~-y/rtjHr ¾wBy/r{zT|«wB|  w  wB~-ywBy/r{zT|RºR~-zB²
ll  rt|-frt|`_É JÉ¸Ê?Ë	ÅÉÍÌÞÇ	Å»ÊDÈ Ì 
 
 Ç   ÉªÅ tÊº(qLzTu-y/h Á wbal&gwTz-º(§¨ÜºÓ9qLÜº
¯\µ
 ¯) 0/ 0(BH!(.$=º
	  º-Ü ÐFu-vtvt·wBu-yzTjwBy/r{w  wB~-y/rt¼ljmlh­lk|lkwBy/r{zT|®jmlky/hz 
rt|­y/h-ll  rtjmlk|/r{zT|¯º 	Ê 5 Ì95Å   ÇÉ¸Ê    
    º\µ
 ¯) 0^IJ/ 0B!$ .5-70&!(8!(59:# (; , (1'c)0/   .½º-Ü}|&l?Õkr{lk|sy.wBvtzT/rty/h-jÐÍzT
TÔ
w  wB~-y/rt¼lVjmlh-rt|-º    AÅ5ÊDÈÌ 
  
Ì	ÊÊ?ËDÌ 
 3Ç kÉed½ÅTËÊkºD,zTvªµ\ºB~-~RµT  ¾²ë Lº\µ
 kn + 0:-9#
 (1'" 08L!$# %&% (' ,¸º fl/h w  wB~-ywBy/r{zT|&sHjmlky//r{}zT|sy/zTvÐÞzT,ju-vty/rÀ²
¯wBv{l9~-hlk|zTjmlk|wwB|  y/u-/-u-v{lk|lº        Æ-ÅDÆ-Ê?Ëkº	 ¾²ë\º¯ Lµ
 ¯)2 0/04$#1 (15'c 0*70 (%oº\Ü  wB~-y/rt¼l9h\²ªl?¿|lkjmlk|y.zT|­TÔ u-|y//uky/u-l  /r  
ÐÍzTmy/wB|r{lk|y ~-zT-v{lkjm¯º J	É< 
     Ê?ËA ±ÊkÉ     LÌ  Èkº D,zTvªµ}knº,~-~Rµ.kn ¾²kn¯\º
¯\µ
 1)&0>"!$# %&% (';,ªº 1vtu-r   s|wBjHr{­zTjH~-u-ywBy/r{zT| 
rty/h q-§3  ß$wB| ulkÑ²ªu-r  l
.lkv{l¯wTlHµ`\º 
ÅDÆÆ\ÇTËkÉ 	Ê 5 Ì98H-Ê    
    º-¹g¨²ë\1BnºR¯Bnµ
FG8CF î
  ÅDÆÉªÅÉÍÌÍÇ  ÊmÅTÌ	tÅ
Ê Æ\ÇsË{ÊDÈ3Æ	Ë/ÇÊDÈÌ-ÈkÉªÅÉÍÌÍÇ	ÅTÌFË/Ê?È 
 )&0.L!(# %&% $' , $1' +0+-,9#
1º fl/h¤w  wB~-ywBy/r{zT|¤ÐÍzTy/rtjml  lk~lk|  lk|sy/rtju\²
vxwBy/r{zT|RºzT~-y/rtjHr ¾wBy/r{zT|±wB|  zT|y/zTvªº 
.Ê Ê 
 LËÑÇDÆ ÊÊ  ÊDÈ    ÊÉFÈ  ½Ì	ÌxÈkº D,zTvªµ ¯\º
n◦
\º\~-~Rµ	 TA²ë\º	\µ
 ¯)2 0* 0 2 F 9:#Z 0  0Q 
 ,O1  (15' -70  0 0 (1 .½º¨qs~wBy/rxwBv}w  wB~-ywBy/r{zT| ~-zLl?²
 u-l¨zT|·ylky/wBhl  wBv=jml/hl¨ÐÞzT¨u-|/yl¯w  &wTlkz  s|wBjHr{´z  ¯wBv{ku-vxwBy/r{zT|¾º      

sÇLËJÅöºD,zTvªµ\º\~-~RµR¯BnA²¯\º ¯\µ
 ¯) 0E70K'( % @ , !.Z)0E2 0K/ + 0 L!(. $1 (1'	70
 \
# ,O	-ºlky/z¾¼²
wBv{lk asrt|zTvtu-y/r{zT|¹zBÐy/hl,rt|zTjH~-lrt-v{l 9w¼Lr{lkÑ²ñqsyz al(l³uwBy/r{zT|rt|~-/rtjHrty/rt¼l¨¼wA²
/rxwB-v{l 
rty/h&w  wB~-y/rt¼l





  B 0E70:!$'(ºÜ¦/u-/¼lk*zBÐlk¼lkwBv\¿|-rtyl  rE =lklk|l3jmlky/hz  (ÐÍzT(/\/ylkjm(zBÐ	|zT|-vtrt|l¯wB
hL~lk/"zTvtr{.zT|lk/¼wBy/r{zT|vxw¯º=
LÇLËJ	Å %(Ç}Æ:\ÉªÅÉÍÌÞÇ	Å +BÈDÌ95?È?º	D,zTvªµs Lº~-~Rµ	?²ë\º
¯ T\µ
 \  0H1; \
 (;$ ,OF #1 $1 (1'N* 0 0. ( ,O@A,OFº %ëjH~-vtr{krtyÏlky/hz  ÐÍzToy/hl §¨zTj*²
~-u-ywBy/r{zT|ÎzBÐÓ.|yl¯w   1v{z





0  0(0$#0 0:% H 
 $1' M 0 = 0, 15; ,O ,O9\º(ß(/zTly/rtjwBy/r{zT|
wB|  w  wB~-y/rt¼Lrty¸rt| 9w¼Lr{lkÑ²ñqsyz alrt|zTjH~-l/rt-v{l½´z¯º %(Ç}Æ:LÉªÅÉÍÌÍÇÅ±Ê5LÅÌ95?Èkº
D,zTvªµ>1\º\~-~RµA²ë T\ºR¯\µ
CDC ôE.FHGJIK
Unité de recherche INRIA Rocquencourt
Domaine de Voluceau - Rocquencourt - BP 105 - 78153 Le Chesnay Cedex (France)
Unité de recherche INRIA Lorraine : LORIA, Technopôle de Nancy-Brabois - Campus scientifique
615, rue du Jardin Botanique - BP 101 - 54602 Villers-lès-Nancy Cedex (France)
Unité de recherche INRIA Rennes : IRISA, Campus universitaire de Beaulieu - 35042 Rennes Cedex (France)
Unité de recherche INRIA Rhône-Alpes : 655, avenue de l’Europe - 38330 Montbonnot-St-Martin (France)
Unité de recherche INRIA Sophia Antipolis : 2004, route des Lucioles - BP 93 - 06902 Sophia Antipolis Cedex (France)
Éditeur
INRIA - Domaine de Voluceau - Rocquencourt, BP 105 - 78153 Le Chesnay Cedex (France)  	


  
ISSN 0249-6399
